Abstract Toxoplasma gondii is becoming a potential threat for public water supplies worldwide, as demonstrated by the occurrence of waterborne toxoplasmosis outbreaks in developing countries as well as industrialised countries. The aim of the present study was to develop a sensitive molecular approach (PCR) for the detection of Toxoplasma oocysts in water. Sporulated and unsporulated T. gondii oocysts (strains DX and AHC1) were isolated from faeces of laboratory-infected cats. After purification and enumeration, oocysts were spiked into 1-L water replicates and concentrated using centrifugation, Al 2 (SO 4 ) 3 or Fe 2 (SO 4 ) 3 flocculation. DNA was extracted from the concentrated pellets, and a universal primer and a T. gondii-specific primer were selected to amplify a region at the small subunit ribosomal RNA gene. A theoretical detection limit of 0.1 oocysts was achieved for samples that had been concentrated using centrifugation or Al 2 (SO 4 ) 3 flocculation. No PCR products were generated for samples that had been pretreated using Fe 2 (SO 4 ) 3 flocculation. The final target would be the development of a complete technique able to work as a diagnostic tool for the detection of Toxoplasma in environmental and drinking water.
Introduction
Infections by the apicomplexan Toxoplasma gondii are widely prevalent in humans and animals throughout the world. The definitive host is the cat, in which the parasite develops multiplicative and sexual stages before being released into the outer environment as an oocyst. Oocysts ingested by humans and other intermediate hosts may give rise to generalised infection. In humans, transmission via oocyst-contaminated water has been demonstrated by the occurrence of three waterborne toxoplasmosis outbreaks worldwide. The first outbreak was reported among 32 US Army soldiers in Panama, in 1979. Investigation implicated drinking water obtained from a stream presumably contaminated with oocysts excreted by jungle cats (Benenson et al., 1982) . The second outbreak occurred in British Columbia, Canada, in 1994 -1995 It affected approximately 8,000 people and was the first toxoplasmosis outbreak to be linked to municipal drinking water. Faecal contamination of the unfiltered water supply by infected animals (cougars, domestic and feral cats) was suspected (Bowie et al., 1997) . A third outbreak (290 cases) was reported in Parana State, Brazil attributed to contamination of an unfiltered water reservoir by suburban cats (Taverne, 2002) . During a recent survey in Brazil, consumption of unfiltered water was found to increase the risk for T. gondii seropositivity among the population of a highly endemic community (Bahia-Oliveira et al., 2003) . Thus, the potential importance of waterborne transmission of T. gondii has been indicated, making the parasite a considerable threat for the safety of the public water supplies worldwide.
Unlike other protozoan parasitic agents associated with waterborne disease (Giardia, Cryptosporidium), no method for the detection of T. gondii in water has been established and no traditional technique currently used for diagnostic or scientific purposes has succeeded so far in the isolation of the parasite from environmental water samples Isaac-Renton et al., 1998) . The aim of the present study was to develop an effective and sensitive molecular approach (PCR) for the detection of Toxoplasma in water.
Materials and methods

Source of oocysts
Sporulated and unsporulated T. gondii oocysts from two different strains (DX and AHC1) were used. Oocysts had been isolated from faeces of laboratory-infected cats at the Institute for Parasitology, Veterinary School, Hanover (Germany). After delivery, oocysts were stored at 4°C until used.
Purification
The oocysts provided were purified by discontinuous sucrose gradients, as described elsewhere (Kourenti et al., 2003) . Parasite concentration was determined in the final purified pellets, using a Neubauer haemocytometer.
Recovery
Demineralised and tap water replicates (1 L) were spiked with 1 × 10 5 purified sporulated or unsporulated oocysts, and bench-scale experiments were conducted to concentrate Toxoplasma from the contaminated water samples, using either centrifugation or flocculation with Fe 2 (SO 4 ) 3 or Al 2 (SO 4 ) 3 (Kourenti et al., 2003) . Parasites recovered in the concentrated pellets (1 mL) were counted using a Neubauer haemocytometer, and the pellets were stored at 4°C until use.
Oocyst disruption and DNA extraction
From each concentrated pellet, a 50 µL aliquot was transferred into a new Eppendorf tube and subjected to oocyst disruption and DNA extraction procedure following a protocol adapted from Appelbee et al. (2003) with slight modifications. Each aliquot was supplemented with TE buffer (10 mM Tris-HCl pH 8.0, 0.1 mM EDTA pH 8.0) up to a final volume of 400 µL; 60 µL of 10% SDS solution were added, the tubes covered with parafilm and boiled at 100°C for 40 min. For the disruption of the oocyst wall, samples were further subjected to nine freeze-thaw cycles in liquid nitrogen and 100°C water bath respectively. After completion of the cycles, the parafilm was removed, 15 µL of Proteinase K (20 mg/mL) were added and overnight digestion at 56°C followed. Samples were treated the next day with 100 µL 5 M NaCl, vortexed consistently and incubated with 80 µL prewarmed CTAB (cetyltrimethylammoniumbromide; 10% CTAB in 0.7 M NaCl) at 62.5°C for 60 min, mixing every 15 min to avoid the formation of phases.
An equal volume of a phenol:chloroform:isoamylalcohol (25:24:1) solution was added to extract the oocyst DNA. Samples were vigorously vortexed for ~1 min and centrifuged (10,000 rpm, 5 min). Supernatants were transferred into new Eppendorf tubes and an equal volume of a chloroform:isoamylalcohol (24:1) solution was added. Samples were vortexed (~1 min) and centrifuged (10,000 rpm, 5 min), supernatants were transferred into new Eppendorf tubes and 0.6 volumes of isopropanol were added to precipitate the extracted DNA. Samples were incubated with the isopropanol at -20°C for 15 min and centrifuged (13,000 rpm, 20 min). Supernatants were removed, pellets were washed with 1-mL 70% ethanol and centrifuged (10,000 rpm, 5 min). Supernatants were removed for a second time, and the final pellets were re-suspended in 50 µL pre-warmed (72°C) AE buffer (QIAgen). The extracted DNA was stored at -20°C until used.
Polymerase chain reaction (PCR)
Universal-and T. gondii-specific primers were selected for amplification of a region at the C. Kourenti and P. Karanis small subunit ribosomal RNA gene (18S-rRNA-PCR; MacPherson and Gajadhar, 1993) . Amplifications were carried out in a BIO-RAD thermal cycler (iCycler). Negative control samples were included with each set of experiments, to avoid any misleading deduction due to cross-contamination. PCR assays were conducted in 25 µL volumes containing 2.5 µL 10× PCR buffer (containing 15 mM MgCl 2 ; QIAgen), 1 mM MgCl 2 , 400 µM each dNTP, 12.5 pmol each forward and reverse primer, 0.5 µL Taq DNA polymerase (QIAgen), and 2 µL of template DNA. The template DNA originated from the following samples: (a) purified oocysts (DX and AHC1) recovered by centrifugation of distilled water replicates; (b) purified oocysts (AHC1) recovered by centrifugation of tap water replicates; (c) purified oocysts (DX and AHC1) recovered by Fe 2 (SO 4 ) 3 flocculation; (d) purified oocysts (AHC1) recovered by Al 2 (SO 4 ) 3 flocculation; (e) purified oocysts (AHC1) with no further treatment; and (f) distilled water (negative control). Each assay was pre-incubated for 10 min at 94°C followed by cycles of 94°C for 1.5 min (denaturation), 45°C for 1.5 min (annealing) and 72°C for 1.5 min (primer extension). After completion of 40 cycles, a 10 min incubation at 72°C was performed to complete any truncated products. Amplified samples were electrophoretically separated on a 1.7% agarose gel in Tris-acetate-EDTA (TAE) buffer, gels were stained with 1 µg/mL ethidium bromide and visualised/ photographed under UV illumination.
To evaluate the sensitivity of the method, DNA-aliquots corresponding to 10 2, 10 1 , 10 0 , 10 -1 and 10 -2 oocysts were prepared from those DNA-extracted samples with positive PCR reactions. The diluted DNA aliquots were subjected to the same PCR procedure, electrophoretically separated, stained and visualised as described above. A negative control for evaluation of cross-contamination was also included. Figure 1 shows the results from the PCR assays conducted for the detection of high numbers of Toxoplasma oocysts (3.13 × 10 3 oocysts minimum; 2.74 × 10 6 oocysts maximum; Neubauer counting method) recovered by different conventional methods. Purified oocysts not subjected to any further treatment, as well as those treated using either the centrifugation or the Al 2 (SO 4 ) 3 flocculation method, were successfully amplified, resulting in the synthesis of a characteristic 341 bp DNA fragment. In contrast, no PCR product was generated for purified oocysts recovered using the Fe 2 (SO 4 ) 3 flocculation procedure. Figure 2 presents the summary results obtained from the sensitivity tests. A theoretical detection limit of 10 -1 Toxoplasma oocysts was demonstrated by the applied PCRapproach. This result was reproducible for purified oocysts belonging to both strains and subjected either to centrifugation or to Al 2 (SO 4 ) 3 flocculation.
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Figure 1 18S-rRNA-PCR amplification of T. gondii oocysts (Lane 1 Molecular weight marker; Lanes 2-3 Strain DX (79% and 54.2% unsporulated respectively); Lanes 4-8 Strain AHC1 (39.3%, 31.8%, 23.7%, 25% and 32.4% unsporulated respectively); Lane 9 distilled water negative control. Oocysts were pre-treated as follows: Lanes 2 and 4 purification -recovery by centrifugation (distilled water replicates); Lane 5 purification -recovery by centrifugation (tap water replicates); Lanes 3 and 6 purification -recovery by Fe 2 (SO 4 ) 3 flocculation; Lane 7 purification -recovery by Al 2 (SO 4 ) 3 flocculation; Lane 8 purification only.)
Discussion
In the current study, a molecular approach (PCR) for the detection of T. gondii oocysts in water has been developed and evaluated. The small subunit ribosomal ribonucleic acid gene (18S-rRNA) was selected for amplification as it is the most repetitive (110-fold) sequence among the other potential toxoplasmic DNA targets investigated so far (Bastien, 2002) . The developed approach resulted in a theoretical detection limit of 0.1 Toxoplasma oocysts with a reproducibility rate of 5/5 trials. The set of primers used was the same as in the studies conducted by MacPherson and Gajadhar (1993) , who had achieved a theoretical detection limit of 0.01 tachyzoites of T. gondii per sample assayed. They had also reported no indication of cross-reaction with DNA originating either from the usual hosts of the parasite (cat, dog, swine, cattle, human), from related coccidia (Sarcocystis cruzi, Eimeria ahsata, E. vermiformis) or from bacteria (Escherichia coli). This is the first time, however, that the specific set of primers has been applied to detection of the environmentally resistant form of Toxoplasma, i.e. the oocyst.
We have also tested the effectiveness of the applied molecular approach in combination with previous experiments conducted for the recovery of Toxoplasma from water using conventional methods (Kourenti et al., 2003) . Our aim was to develop a combined technique that could enable (a) high oocyst recovery from large water volumes and (b) high sensitivity during oocyst detection in concentrated water. Our results clearly showed that the developed PCR approach allowed the successful detection of Toxoplasma oocysts recovered by means of centrifugation or Al 2 (SO 4 ) 3 flocculation. However, the same method did not work at all for oocysts recovered using Fe 2 (SO 4 ) 3 flocculation. The Fe 3+ ions might inhibit PCR, but they may also induce DNA base damage. This has been demonstrated in studies with human fibroblast nuclei that had been exposed to exogenous Fe 3+ and other DNA-bound transition metal ions under oxidative conditions (Akman et al., 2000) . Ferric sulphate flocculation has been considered, however, as more effective in the recovery of sporulated Toxoplasma oocysts from contaminated water replicates than aluminium sulphate flocculation (Kourenti et al., 2003) .
Previous efforts to identify Toxoplasma oocysts in water mainly relied on bioassay experiments, i.e. inoculation of oocysts into laboratory animals, preferably mice, and detection of specific antibodies in their blood. Mice were used by Dubey et al. (1995) , as well as by Isaac-Renton et al. (1998) , to detect Toxoplasma oocysts in raw water samples. Isaac-Renton et al. (1998) additionally evaluated the sensitivity of the method using a positive control mouse group in parallel with the group inoculated with the raw water samples. The minimal oocyst number found to induce a detectable infection was 2.5 oocysts, but not for all mice (3/5) inoculated with that concentration. Animal inoculation generally requires infectivity experiments with animals to be kept over a relatively long time period until a definite positive or negative result can be obtained. Such procedures are undoubtedly expensive and time consuming. Although we achieved a 25× lower detection limit (0.1 oocysts) with a 100% (5/5 trials) reproducibility rate, this limit is actually theoretical, as it corresponds to diluted DNA, initially extracted from thousands of oocysts, and not to DNA detected after genomic extraction and amplification of 0.1 oocysts. Efforts are still in progress to evaluate the sensitivity of the method when dealing with low initial oocyst numbers (≤100) in concentrated samples. Our final target would be the establishment of an accurate diagnostic tool able to detect Toxoplasma in natural and drinking water.
Conclusions
Although T. gondii draws increasing attention as a potential waterborne pathogen, efforts for its detection in water are still limited. The current study presented a molecular PCR approach that could theoretically diagnose DNA from <1 Toxoplasma oocyst per sample assayed. However, more experimental research is definitely required before ending up with a method able to detect even the low parasite numbers in water.
